Aims
The aim of the present study was to determine the lower limit of normality and the clinical relevance of left ventricular (LV) early diastolic strain rate (LVSRe) for the detection of LV diastolic dysfunction (LVDD). 
Methods and results
Using 2D speckle-tracking echocardiography, we analysed 377 healthy subjects and 475 patients with risk for LVDD with preserved LV ejection fraction (LVEF). The normal range of LVSRe analysing the healthy subjects was 1.56 ± 0.28 s -1 , with a lower limit of normality at 1.00 s -1 . Using this cut-off, LVSRe was able to detect high rates of LV diastolic alterations (rate 71.1%), which was significantly better than using indirect diastolic parameters such as left atrial volume index (LAVI) and tricuspid regurgitation velocity (TR) (rates 22.9% and 9.1%) and similar to annular mitral parameters such as lateral and septal e 0 velocity (rates 70.9% and 72.4%). In line, adding LVSRe to the current evaluation of LVDD increased significantly the rate of detection of LVDD (absolute rate of increase 18.9%; rate of detection of LVDD: from 14.3% to 33.2%, P < 0.01). Regarding the clinical relevance of LVSRe, patients with abnormal LVSRe (i.e. <1.00 s -1 ) had significantly worse New York Heart Association functional class and symptomatic status than those with normal LVSRe. In addition, in a retrospective post hoc analysis, we found that an abnormal LVSRe had a significant association with the risk of heart failure hospitalization at 2 years (odds ratio 5.0, 95% confidence interval 1.3-18.4), which was better than using conventional diastolic parameters such as septal and lateral e 0 velocity, LAVI and TR velocity. 
.. Conclusion
The findings from this multicentre study provide important data regarding the normal range of LVSRe and highlight the potential clinical relevance of using this new diastolic parameter in the detection of LVDD in patients with preserved LVEF.
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Introduction
Conventional left ventricular (LV) diastolic parameters such as septal and lateral mitral annular early diastolic peak velocity (e 0 ) by pulsed tissue Doppler imaging (TDI) and maximal left atrial volume index (LAVI) remain recommended measurements to assess LV diastolic function. 1, 2 Nonetheless, these annular and volumetric parameters have some limitations such as angle dependence and non-direct evaluation of the LV, respectively. 1, 2 In addition, the most recent guidelines on LV diastolic dysfunction (LVDD) highlighted that the limitations of these parameters should be taken into consideration when using these conventional parameters. 1, 2 Recent studies have
shown that a new (non-angle dependent) diastolic parameter, the longitudinal early diastolic strain rate (LVSRe), could be an adequate parameter of LV diastolic function. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] However, the lower limit of normality of LVSRe and the clinical relevance of using this new diastolic parameter in the detection of LVDD in patients with preserved LV ejection fraction (LVEF) remain poorly known. Therefore, on the basis of the weak evidence regarding the normal range and usefulness of LVSRe in the clinical practice, the aim of the present multicentre study was to analyse a large cohort of healthy subjects and patients with risk for LVDD with the purpose of determining the lower limit of normality of LVSRe and the potential clinical relevance of using this new diastolic parameter in the detection of LVDD.
Methods

Study population
In this cross-sectional study, to determine the normal range and lower limit of normality of LVSRe, we included healthy subjects > _18 years of age enrolled in 10 centres from Japan and Germany as part of the Japanese Ultrasound Speckle Tracking of the Left Ventricle Research Project, [22] [23] [24] [25] which enrolled consecutively volunteers healthy subjects in different university hospitals and was endorsed by the Japanese Society of Echocardiography. [22] [23] [24] [25] Healthy subjects were defined as individuals with the absence of any disease, absence of cardiovascular risk factors such as obesity (body mass index > _30 kg/m 2 ), diabetes mellitus (fasting plasma glucose > _126 mg/dL), arterial hypertension (systolic and diastolic blood pressure > _140/90 mmHg), and hypercholesterolaemia (fasting plasma LDL cholesterol > _160 mg/dL), absence of coronary artery disease (history of acute coronary syndrome, stable angina or coronary revascularization), absence of any medication or treatment, and normal findings in transthoracic echocardiography according to the diagnostic criteria of the European Association of Cardiovascular Imaging (EACVI). 1, 26 In addition, with the purpose of analysing the potential clinical relevance of using LVSRe in the detection of LVDD, we included patients with risk for LVDD such as those with arterial hypertension, diabetes mellitus or history of coronary artery disease with preserved LVEF (LVEF >50%) referred to the Laboratory of Echocardiography of the Charité University Hospital for detection of LVDD between October 2009 and October 2014 (some of these patients were enrolled in previous studies of our research group). [23] [24] [25] Moreover, in these patients, we analysed the association of LVSRe with the symptomatic status (dyspnoea) and functional class [evaluated by the New York Heart Association (NYHA) Functional Classification]. In addition, we performed a retrospective post hoc analysis to analyse the association of an abnormal LVSRe with the risk for heart failure (HF) hospitalization at 2 years. In this regard, between November 2016 and January 2017, we analysed retrospectively the digital medical records of the patients with the purpose of analysing the rate of HF hospitalization (defined as HF requiring hospitalization for compensation and treatment) within 2 years after the inclusion in the study.
Regarding the exclusion criteria of the study population, in line with the recommendations for LV diastolic measurements of the EACVI, 2 patients with at least mild valvular heart stenosis, moderate or severe aortic or mitral regurgitation, severe pulmonary or tricuspid regurgitation, valvular heart surgery or intervention, significant mitral annular calcification (> _5 mm), ventricular paced rhythm, left bundle branch block or LV assist devices were excluded. In addition, to avoid underestimations of LVSRe values, patients with poor 2D imaging quality in > _1 LV segments, presence of atrial fibrillation or supraventricular arrhythmias were also excluded. Furthermore, with the purpose of excluding non-cardiac causes of dyspnoea, patients with severe pulmonary disease such as those with the requirement of supplemental oxygen or the need of treatment with corticoids, patients with severe kidney disease such as those with dialysis requirement or indication for renal transplantation and patients with severe liver disease such as those with Child-Pugh Class B and C or indication for liver transplantation were also excluded from this study. The ethics committees from each of the hospitals, the Japanese Society of Echocardiography, the University of Occupational and Environmental Health, and the Charité University Hospital approved this research project and informed consent was obtained from all subjects.
LV diastolic measurements using conventional transthoracic echocardiography
All patients were examined at rest using a Vivid 7 or E9 (GE Healthcare) ultrasound system. Two-dimensional and Doppler measurements were performed as recommended by the EACVI. ; and (iv) tricuspid regurgitation (TR) jet peak velocity >2.8 m/s. In line, LVDD was determined when >50% of the aforementioned criteria were positives and normal LV diastolic function when <50% of these criteria were positives. In addition, indeterminate LV diastolic function was defined when only 50% of the criteria were positives. 2 Likewise, the severity of LVDD was determined according to the 2016 EACVI criteria for the grading of LVDD [namely, mild LVDD = presence of LVDD þ E/A < _ 0.8 and E < _ 50 cm/s or > _2 negative criteria (LAVI > 34 ml/m 2 , av. E/e 0 > 14, or TR > 2.8 m/s); moderate LVDD = presence of LVDD þ E/A < _ 0.8 and E > 50 cm/s or E/A > 0.8 -< 2 þ > _ 2 positive criteria (LAVI > 34 ml/m 2 , av. E/e 0 > 14, or TR > 2.8 m/s); severe LVDD = presence of LVDD þ E/A > _ 2; see also Supplementary data online, Figure S1 ]. Furthermore, we analysed LV diastolic abnormalities without including LAVI and TR velocity as diagnostic criteria to analyse the association of LVSRe with only LV parameters such as the septal and lateral annular mitral e 0 velocity and the mitral E/e 0 ratio. In this regard, LV diastolic abnormalities using only LV parameters were defined as septal e 0 < 7 cm/s or lateral e 0 < 10 cm/s and the severity of these LV diastolic abnormalities as mild (abnormal septal or lateral e 0 þ av. E/e 0 < 10), moderate (abnormal septal or lateral e 0 þ av. E/e 0 10-14) and severe (abnormal septal or lateral e 0 þ av. E/e 0 > 14). Additionally, we analysed the association of LVSRe with the pulmonary capillary wedge pressure (PCWP), using the Nagueh's formula for the estimation of PCWP (i.e. estimated PCWP = 2 þ 1.3 Â mitral E/lateral e 0 ratio). 27 All these measurements were calculated as the average of three measurements and performed at conditions of respiratory (<20 breaths/min), haemodynamic (90-160 mmHg of systolic blood pressure) and electrical (51-99 beats/min) stability.
. 
LV diastolic measurements using 2D speckletracking echocardiography
The analysis of the LV using 2D speckle-tracking echocardiography (2DSTE) was performed offline in a central echocardiography laboratory at Charité University Hospital blinded to the clinical characteristics of the subjects and using the following ultrasound software package: Echo-Pac version 113.0 from GE. LVSRe was determined as the average value of the longitudinal early diastolic strain rate peak from all segments of the LV in the apical four-chamber, two-chamber, and long-axis views. Figure 1 shows an example regarding as LVSRe was analysed. All measurements were analysed at frame rates of 50-80 frames/s and averaging three measurements.
Statistical analysis
Continuous data were presented as mean ± standard deviation (SD) and dichotomous data in percentage. Differences in continuous variables between the two groups were analysed using Student's t-test. Categorical variables were compared by v 2 test and the Fisher's exact test as appropriate. Comparisons between three or more groups were analysed using a one-way analysis of variance. According to the recommendations for cardiac chamber quantification of the EACVI and given the normal distribution of LVSRe, 26 the lower limit of normality of LVSRe was determined as 1.96 SD below the mean of healthy subjects. In line, mildly, moderately and severely abnormal LVSRe was estimated as 1.97-2.94, 2.95-3.92 and >3.92 (3.92 = 2 Â 1.96) SD below the mean of healthy subjects, respectively. Likewise, the upper limit of normality of the mitral E/LVSRe ratio (i.e. the ratio of mitral early diastolic inflow velocity by pulsed-Doppler over LVSRe) was determined as 1.96 SD above the mean of healthy subjects. Furthermore, regarding the association of LVSRe with continuous and dichotomous variables, a simple linear regression analysis (with b coefficient as main analysis) and a logistic regression analysis (with odds ratio as main analysis) were performed, respectively. Moreover, concerning the association of an abnormal LVSRe with the risk for HF hospitalization at 2 years unadjusted and adjusted logistic regression analyses were performed. The adequate reproducibility of LVSRe has been previously confirmed in several studies of our and other laboratories. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] 28, 29 In effect, when we analysed the intra-observer and inter-observer variability on 20 randomly selected subjects in the present study, LVSRe had adequate reproducibility (reproducibility of LVSRe: absolute mean differences 0.02 ± 0.02 and 0.04 ± 0.02 s -1 , relative mean differences 1.4 ± 1.3 and 2.7 ± 2.0%, and interclass correlation coefficient 0.993 and 0.982; respectively; see Supplementary data online, Table S1 ). All statistical analyses were performed with Statview 5.0 (SAS Institute) and SPSS 22.0 (IBM). Differences were considered statistically significant when P < 0.05.
Results
Characteristics of the study population
A total of 402 healthy subjects met the eligibility criteria during the study period. However, LVSRe could not be analysed in 25 healthy subjects because of an inadequate 2D imaging quality of the LV (feasibility 93.7%). Thus, 377 healthy adult subjects (221 Asian Japanese and 156 Caucasian Germans) with adequate 2D imaging quality for an analysis by 2DSTE were finally included. Regarding the group with risk for LVDD, 528 patients were initially included. However, 53 patients had inadequate 2D imaging quality for an analysis by LVSRe (feasibility 89.9%). Hence, 475 patients with risk for LVDD were finally included. Clinical and cardiac characteristics of the study population are presented in Table 1 .
Normal range of LVSRe
The normal range of LVSRe analysing the healthy subjects was 1.56 ± 0.28 s -1 with a lower limit of normality at 1.00 s -1 (see Table 2 ).
Concerning the values of LVSRe in relation to age and gender, there were modest differences between women and men as well as between younger and older subjects, but the lower limit of normality in these subgroups of patients was similar (see Table 2 ). In addition, with the purpose of analysing a possible influence of race on the values of LVSRe, we analysed a subgroup of healthy Asians (n = 100 Japanese; age 37.3 ± 11.1 years) and healthy Caucasians subjects (n = 100 Germans; age 36.9 ± 12.1 years) of similar age. In this respect, there Figure 1 LV diastolic function analysed by LV global longitudinal early diastolic strain rate (LVSRe). LVSRe was determined as the average value of the longitudinal early diastolic strain rate peak from all segments of the LV in the apical four-chamber, two-chamber and long-axis views using 2D speckle-tracking echocardiography. This figure shows a patient with normal LV diastolic function using this new LV diastolic parameter. The white curve (with white points) in each LV view represents the average value of LVSRe from all LV segments analysed (see the yellow arrows in the figure). , P-value 0.704, respectively). Furthermore, we analysed the upper limit of normality of the derived LV filling index from LVSRe, i.e. the mitral E/LVSRe ratio. In this regard, analysing the healthy subjects the normal range of the mitral E/LVSRe ratio was 50.1 ± 10.9 with an upper limit of normality at 71.5 (see Table 2 ).
Usefulness of LVSRe to detect LV diastolic alterations in patients with risk for LVDD
Regarding the usefulness of LVSRe in patients with risk for LVDD, LVSRe was able to detect high rates of LV diastolic alterations (rate 71.1%), which was significantly better than using indirect diastolic parameters such as LAVI and TR velocity (rates 22.9% and 9.1%, respectively) and similar to annular mitral parameters such as lateral and septal e 0 velocity (rates 70.9% and 72.4%, respectively) (see Figure   2 ). Likewise, high rates of abnormal LVSRe were found in all grades of LVDD severity (see Table 3 ). In agreement with these findings, in a simple linear regression analysis (with b coefficient as main analysis), each estimated change per 1 cm/s in LV longitudinal diastolic velocity measured by the septal and lateral e 0 was linked to a significant esti- ), P < 0.01, respectively] (see Table 4 ). In line, each estimated change in 1 unit in LV filling pressures measured by the av. E/e 0 ratio was linked to a significant estimated absolute change in E/LVSRe [b 3.6 (95% CI 3.1-4.1), P < 0.01] (see Table 4 ). Moreover, regarding the relationship to other indirect LV diastolic parameters and to LV systolic and geometric parameters, LVSRe and E/LVSRe ratio were significantly related to LV global longitudinal systolic strain (r 0.63 and -0.50, P < 0.01, respectively) and to a lesser extent to LV mass, LAVI, and TR velocity (all r < 0.35; see Supplementary data online, Table S2 ).
Usefulness of adding LVSRe to the current evaluation of LV diastolic dysfunction
Regarding the usefulness of adding LVSRe in the detection of LVDD, we found that adding LVSRe to the current evaluation of LVDD increased significantly the rate of detection of LVDD (absolute rate of increase 18.9%; rate of detection of LVDD: from 14.3% to 33.2%; P < 0.01; see Figure 3 ). In addition, adding LVSRe to the current 2016 EACVI diagnostic algorithm for LVDD improved significantly the characterization of patients with indeterminate LV diastolic function, because LVSRe showed that high proportion of patients with indeterminate LV diastolic function had in fact LV diastolic alterations as determined by an abnormal LVSRe (rate 84.9%) (see Figure 4) . Data are expressed as percentages. Using only LV parameters, LVDD severity was defined as: (i) mild LVDD = abnormal septal or lateral e 0 þ av. E/e 0 < 10; (ii) moderate LVDD = abnormal septal or lateral e 0 þ av. E/e 0 10-14 and (iii) severe LVDD = abnormal septal or lateral e 0 þ av. E/e 0 > 14. Using the whole 2016 severity criteria of the EACVI [i.e. including also LAVI and TR velocity), LVDD severity was defined as: mild LVDD = presence of LVDD þ E/A < _ 0. The b coefficient was used as an estimated change in LVSRe and E/LVSRe ratio for every estimated change in the continuous variable. Abnormal LVSRe was defined as LVSRe < 1.00 s -1 and abnormal E/LVSRe ratio as > 71.5. b, beta coefficient; OR, odds ratio; CI, confidence interval; e 0 , septal or lateral mitral annular early diastolic peak velocity by TDI; TDI, pulsed tissue Doppler imaging; LVDD, left ventricular diastolic dysfunction.
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Clinical relevance of LVSRe in patients with risk for LVDD
Regarding the clinical relevance of LVSRe, patients with abnormal LVSRe (i.e. <1.00 s -1 ) had significantly worse NYHA functional class and higher estimated PCWP than those with normal LVSRe (see Table 5 ). In line, the severity of LVSRe was significantly linked to the severity of the symptomatic status and to worse estimated PCWP (see Figures 5-7) . In addition, in a retrospective post hoc analysis, we found that an abnormal LVSRe had a significant association with the risk of HF hospitalization at 2 years [odds ratio adjusted by age and gender 2.0 (95% CI 0.7-5.8); 1.8 (95% CI 0.6-5.1); 4.5 (95% CI 2.0-9.9) and 3.3 (95% CI 1.2-9.1); respectively] (see Table 6 ).
Figure 6
Association of estimated pulmonary capillary wedge pressure with the severity of LVSRe in patients with risk for LV diastolic dysfunction and preserved LVEF. Pulmonary capillary wedge pressure (PCWP) was estimated in mmHg using the Nagueh's formula (i.e. estimated PCWP = 2 þ 1.3 Â mitral E/lateral e 0 ratio). Mean ± SD values of PCWP are shown inside the boxes. In the box plots, the central line represents the median, the length of the box represents the interquartile range (25th-75th percentile), and the bars indicate the 10th and 90th percentile of PCWP. Figure 7 Association of the mitral E/LVSRe ratio with the severity of estimated pulmonary capillary wedge pressure in patients with risk for LV diastolic dysfunction and preserved LVEF. Pulmonary capillary wedge pressure (PCWP) was estimated in mmHg using the Nagueh's formula (i.e. estimated PCWP = 2 þ 1.3 Â mitral E/lateral e 0 ratio). Mean ± SD values of the mitral E/LVSRe ratio are shown inside the boxes. In the box plots, the central line represents the median, the length of the box represents the interquartile range (25th-75th percentile), and the bars indicate the 10th and 90th percentile of the mitral E/LVSRe ratio. 
Discussion
Analysing a large cohort of healthy subjects and patients with risk for LVDD, the findings from this multicentre study provide important data regarding the normal range of LVSRe and highlight the potential clinical relevance and usefulness of this new diastolic parameter in the detection of LVDD in patients with preserved LVEF.
Normal range and lower limit of normality of LVSRe
Previous studies have suggested that LVSRe could be an adequate parameter of LV diastolic function by showing a strong correlation with invasive gold standard diastolic measurements. 3, 4, 16, 21 However, the normal range and lower limit of normality of LVSRe, which would be of significant usefulness to determine an abnormal LV diastolic function using this new diastolic parameter, are lacking. For these reasons, one of the objectives of the present study was to analyse a large cohort of healthy subjects with the purpose of establishing the normal range and lower limit of normality of LVSRe. In effect, analysing a healthy population of 377 subjects, the normal range of LVSRe was of 1.56 ± 0.28 s -1 with a lower limit of normality at 1.00 s -1
. In addition, in the healthy cohort, we determined the normal range of the derived LV filling index from LVSRe (the mitral E/LVSRe ratio) which had an upper limit of normality at 71.5. In accordance with these findings, Marwick et al. 30 found similar mean values of LVSRe in a healthy population and Kimura et al. 31 using invasive measurements found a similar cutoff to the upper limit of normality of the mitral E/ LVSRe ratio to differentiate normal from elevated LV filling pressures. limitations in these standard parameters, the potential clinical relevance and usefulness of angle-independent and global LV diastolic parameters such as LVSRe in the evaluation of LVDD remains poorly known. In the present study, analysing a cohort of 475 patients with risk for LVDD, we found that LVSRe was able to detect high rates of LV diastolic alterations, which was significantly better than using indirect diastolic parameters such as LAVI and TR velocity. In line, we found that adding LVSRe to the current evaluation of LVDD increased significantly the rate of detection of LVDD and improved significantly the characterization of patients with indeterminate LV diastolic function. These findings are consistent with previous smaller studies using invasive gold standard diastolic measurements which suggested that LVSRe could be an adequate parameter of LV diastolic function. 3, 4, 16, 21 Therefore, on the basis of these findings and previous studies, we consider that adding LVSRe to the current evaluation of LVDD could be of significant usefulness in the detection of LVDD in patients with preserved LVEF.
Clinical relevance of using LVSRe in the evaluation of LV diastolic dysfunction
While adding LVSRe to the current evaluation of LVDD could have significant benefits for the diagnosis of LVDD, the clinical relevance of these findings is not known. In the present study, patients with an abnormal LVSRe had worse NYHA functional class and symptomatic status than those with normal LVSRe. In line, in a retrospective post hoc analysis, we found that an abnormal LVSRe was significantly linked to the risk of HF hospitalization at 2 years, which was even better than using conventional diastolic parameters such as septal and lateral e 0 velocity, LAVI and TR velocity. These findings are in agreement with recent studies in patients with HF and cardiovascular diseases, which showed that LVSRe had strong correlation with the functional class and the outcomes of the patients. 17, 19, 28 Hence, we consider that further studies with the purpose of validating these findings are warranted, because the present study indicates that the usefulness of LVSRe in the evaluation of LVDD could be not only of diagnostic importance but also of significant clinical relevance.
Limitations
Some limitations of this study should be considered. One point to take into consideration is that in comparison with conventional LV diastolic measurements, whose analyses are widely known and can be directly performed on the ultrasound system, LVSRe is lesser known and requires an additional offline analysis. Furthermore, it is worth to note that in the present study, we did not compare LV diastolic analyses using LVSRe with those performed by cardiac catheterization. Nonetheless, several studies have demonstrated a strong correlation of LVSRe with invasive gold standard diastolic measurements. 3, 4, 16, 21 Moreover, it is important to mention that the analysis regarding an abnormal LVSRe and the risk for HF hospitalization should be considered merely as an association rather than a causal analysis, because the rate of HF hospitalization was estimated merely analysing retrospectively the digital medical records of the patients. Hence, further studies should confirm the link or causal association between an abnormal LVSRe and the risk for HF hospitalization. Furthermore, another point to take into consideration is the possible influence of the vendor's software package on LVSRe. Recent studies evidenced that LV longitudinal systolic strain values could vary among different software packages such as GE, Philips and Toshiba. [33] [34] [35] Thus, while there are no data showing a variability between different ultrasound software packages with LVSRe, we consider that the cut-off to define an abnormal LVSRe reported in this study should be considered according to the ultrasound software package utilized (i.e. Echo-Pac from GE), which so far is the most extensively validated software to analyse the diastolic function of the LV using LVSRe. 
Conclusions
Analysing a large cohort of healthy subjects and patients with risk for LVDD, the findings from this multicentre study provide important data regarding the normal range of LVSRe and highlight the potential clinical relevance of using this new diastolic parameter in the detection of LVDD in patients with preserved LVEF.
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